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PLASMA PROCESSING METHOD AND
APPARATUS

This application 1s a divisional application of Ser. No.
09/511,398, filed Feb. 23, 2000 now U.S. Pat. No. 6,808,739.

BACKGROUND OF THE INVENTION

The present 1invention relates to plasma processing meth-
ods such as dry etching, sputtering, and plasma CVD, as well
as apparatuses therefor, to be used for manufacture of semi-
conductor or other electron devices and micromachines.
More particularly, the present invention relates to a plasma
processing method and apparatus for the use of plasma
excited with high-frequency power of VHF or UHF band.

The present invention further relates to a matching box for
a plasma processing apparatus to be used for impedance
matching in supplying high-frequency power of VHF band, in
particular, to a counter electrode for plasma excitation or to an
antenna, and relates to a plasma processing method and appa-
ratus using plasma excited with the high-frequency power of
VHF band.

Japanese Laid-Open Patent Publication No. 8-83696
describes that the use of high-density plasma 1s important 1n
order to meet the trend toward microstructures of semicon-
ductors and other electron devices. Furthermore, low electron
temperature plasma has recently been receiving attention by
virtue of 1ts high electron density and low electron tempera-
ture.

In the case where a gas having a high negativity, 1.e., a gas
that tends to generate negative 1ons, such as Cl,, SF, 1s
formed 1nto plasma, when the electron temperature becomes
about 3 eV or lower, larger amounts of negative 1ons are
generated than with higher electron temperatures. Taking
advantage of this phenomenon makes 1t possible to prevent
ctching configuration abnormalities, so-called notch, which
may occur when positive charges are accumulated at the
bottom of micro-patterns due to excessive icidence of posi-
tive 10ns. This allows etching of extremely micro patterns to
be achieved with high precision.

Also, 1n the case where a gas containing carbon and fluo-
rine, such as CF or C H F_ (where X, y, 7 are natural num-
bers), which 1s generally used for etching of insulating films
such as silicon oxide, 1s formed 1nto plasma, when the elec-
tron temperature becomes about 3 eV or lower, gas dissocia-
tion 1s suppressed more than with higher electron tempera-
tures, where, 1n particular, generation of F atoms, F radicals
and the like 1s suppressed. Because F atoms, F radicals and the
like are higher in the rate of silicon etching, insulating film
ctching can be carried out at larger selection ratios than sili-
con etching with lower electron temperatures.

Also, when the electron temperature becomes 3 eV or
lower, 1on temperature and plasma potential also becomes
lower, so that 10n damage to the substrate 1n plasma CVD can
be reduced.

As a technique capable of generating plasma having low
clectron temperature, plasma sources using high-frequency
power ol VHF band or UHF band are now recerving attention.

FIG. 15 1s a sectional view of a dual-frequency excitation
parallel-flat plate type plasma processing apparatus. Refer-
ring to FI1G. 15, while the interior of a vacuum chamber 201 1s
maintained at a specified pressure by introducing a specified
gas from a gas supply unit 202 into the vacuum chamber 201
and simultaneously performing evacuation by a pump 203 as
an evacuating device, a high-frequency power of 100 MHz 1s
supplied to a counter electrode 205 by a counter-electrode-
use-high-frequency power supply 204. Then, plasma 1s gen-
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erated 1n the vacuum chamber 201, where plasma processing
such as etching, deposition, and surface reforming can be
carried out on a substrate 207 placed on a substrate electrode
206. In this case, as shown 1 FIG. 15, by supplying high-
frequency power also to the substrate electrode 206 by a
substrate-clectrode-use-high-frequency power supply 208,
ion energy that reaches the substrate 207 can be controlled. In
addition, the counter electrode 205 i1s i1nsulated from the
vacuum chamber 201 by an insulating ring 211.

FIG. 16 1s a sectional view of a plasma processing appara-
tus which we have already proposed and which has an
antenna type plasma source mounted thereon. Referring to
FIG. 16, while the interior of a vacuum chamber 301 1s
maintained at a specified pressure by introducing a specified
gas from a gas supply unit 302 into the vacuum chamber 301
and simultaneously performing evacuation by a pump 303 as
an evacuating device, a high-frequency power of 100 MHz 1s
supplied to a spiral antenna 313 on a dielectric window 314 by
an antenna-use-high-frequency power supply 312. Then,
plasma 1s generated 1n the vacuum chamber 301 by electro-
magnetic waves radiated into the vacuum chamber 301,
where plasma processing such as etching, deposition, and
surface reforming can be carried out on a substrate 307 placed
on a substrate electrode 306. In this case, as shown in FIG. 16,
by supplying high-frequency power also to the substrate elec-
trode 306 by a substrate-electrode-use-high-frequency power
supply 308, 10n energy that reaches the substrate 307 can be
controlled.

However, there has been an i1ssue that the conventional
methods shown 1n FIGS. 15 and 16 have difficulty 1n obtain-
ing uniform plasma generation.

FIG. 17 shows results of measuring 1on saturation current
density at a position just 20 mm above the substrate 207 1n the
plasma processing apparatus of FIG. 15. Conditions for
plasma generation are gas type of Cl, and gas tlow rate of 100
sccm, a pressure of 1 Pa, and a high-frequency power o 2 kW.
It can be understood from FIG. 17 that plasma density 1s
higher 1n peripheral regions.

FIG. 18 shows results of measuring 1on saturation current
density at a position just 20 mm above the substrate 307 in the
plasma processing apparatus of FIG. 16. Conditions for
plasma generation are gas type ot Cl, and gas flow rate of 100
sccm, a pressure of 1 Pa, and a high-frequency power of 2 kW.
It can be understood from FIG. 18 that plasma density 1s
higher 1n peripheral regions.

Such nonuniformity of plasma 1s a phenomenon that could
not be seen with the frequency of the high-frequency power of
50 MHz or less. Whereas the 50 MHz or higher high-fre-
quency power needs to be used 1n order to lower the electron
temperature of plasma, there are produced, 1n this frequency
band, not only an advantage that plasma 1s generated by the
counter electrode or antenna being capacitively or inductively
coupled to the plasma, but also an advantage that plasma 1s
generated by electromagnetic waves, which are radiated from
the counter electrode or antenna, propagating on the surface
of the plasma. In peripheral regions of the vacuum chamber,
which serve as reflecting surfaces for the electromagnetic
waves that have propagated on the surface of the plasma,
stronger electric fields are developed so that thick plasma 1s
generated.

Also, as described above, 1n the case where a gas having a
high negativity, 1.e., a gas that tends to generate negative 10mns,
such as Cl,, SF, 1s formed into plasma, when the electron
temperature becomes about 3 eV or lower, larger amounts of
negative 1ons are generated than with higher electron tem-
peratures. Taking advantage of this phenomenon makes 1t
possible to prevent a phenomenon that perpendicularity of the
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incident angle of 10ons onto the substrate worsens when posi-
tive charges are accumulated at the bottom of micro-patterns
due to excessive incidence of positive 1ons. This allows etch-
ing of extremely micro patterns to be achieved with high
precision. Besides, that1s an expectation for process improve-
ment making use of the high reactivity of negative 1ons.

Also, 1n the case where a gas containing carbon and fluo-
rine, such as C.F  or C H F_ (where X, y, z are natural num-
bers), which 1s generally used for etching of insulating films
such as silicon oxide, 1s formed 1nto plasma, when the elec-
tron temperature becomes about 3 eV or lower, gas dissocia-
tion 1s suppressed more than with higher electron tempera-
tures, where, 1n particular, generation of F atoms, F radicals
and the like 1s suppressed. Because F atoms, F radicals and the
like are higher 1n the rate of silicon etching, insulating film
etching can be carried out at larger selection ratios than sili-
con etching with lower electron temperatures.

Also, when the electron temperature becomes 3 eV or
lower, 1on temperature and plasma potential also become
lower, so that 10n damage to the substrate 1n plasma CVD can
be reduced.

It 1s plasma sources using high-frequency power of VHF
band that 1s currently receiving attention as a technique
capable of generating plasma low 1n electron temperature and
capable of generating plasma superior in 1gnitability.

FIG. 24 1s a sectional view of a dual-frequency excitation
parallel-tlat plate type plasma processing apparatus. Refer-
ring to FI1G. 24, while the interior of a vacuum chamber 401 1s
maintained at a specified pressure by introducing a specified
gas from a gas supply unit 402 into the vacuum chamber 401
and simultaneously performing evacuation by a pump 403 as
an evacuating device, a high-frequency power of 100 MHz 1s
supplied to a counter electrode 407 via a matching box 405
and a high-frequency coupling device (mount) 406 by a
counter-electrode-use-high-frequency power supply 404.
Then, plasma 1s generated 1n the vacuum chamber 401, where
plasma processing such as etching, deposition, and surface
reforming can be carried out on a substrate 409 placed on a
substrate electrode 408. In this case, as shown 1n FIG. 24, by
also supplying high-frequency power to the substrate elec-
trode 408 by a substrate-clectrode-use-high-frequency power
supply 410, 10n energy that reaches the substrate 409 can be
controlled. In addition, the counter electrode 407 1s 1nsulated
from the vacuum chamber 401 by an insulating ring 411. The
matching box 405 comprises a high-frequency mput terminal
412, a first vaniable capacitor 413, a high-frequency output
terminal 414, a second variable capacitor 413, a first motor
416, a second motor 417, and a motor control circuit 418.

However, there has been an i1ssue that the conventional
method shown 1n FIG. 24 has difficulty in obtaiming uniform
plasma generation.

FI1G. 25 shows results of measuring 1on saturation current
density at a position just 20 mm above the substrate 409 1n the
plasma processing apparatus of FIG. 24. Conditions for
plasma generation are gas type of Cl, and gas flow rate o1 100
sccm, a pressure of 2 Pa and a high-frequency power of 1 kW.
Also, as shown 1n FIG. 24, the second variable capacitor 415
1s disposed on one side of the measuring position in FIG. 25.
It can be understood from FIG. 235 that plasma density 1s
higher on one side of the measuring position, 1.€., just below
the second variable capacitor 415.

Such nonuniformity of plasma is a phenomenon that could
not be seen with the frequency of the high-frequency power of
50 MHz or less. Whereas the 50 MHz or higher high-fre-
quency power needs to be used 1n order to lower the electron
temperature of plasma, there develops, 1n this frequency
band, a potential distribution 1n the counter electrode 407. It
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can be deduced that this potential distribution, affected by the
placement of the second variable capacitor 415 within the
matching box 405, acts to strengthen the electric fields just
below the second variable capacitor 415, resulting 1n nonuni-
formity of plasma generation.

Such a phenomenon could be seen with such an arrange-
ment as shown in FI1G. 26 1n which a spiral antenna 420 1s used
instead of the counter electrode 407. In the prior art example
shown 1n FIG. 26, a dielectric window 421 1s used.

SUMMARY OF THE INVENTION

In view of these 1ssues of the prior art, an object of the
present invention 1s to provide a plasma processing method
and apparatus, as well as a matching box for a plasma pro-
cessing apparatus, capable of generating uniform plasma.

In order to achieve the above object, the present invention
has the following constitutions.

In accomplishing these and other aspects, according to a
1 st aspect of the present invention, there 1s provided a plasma
processing method for generating plasma within a vacuum
chamber and processing a substrate placed on a substrate
clectrode within the vacuum chamber. The method comprises
generating the plasma by supplying a high-frequency power
having a frequency of 50 MHz to 3 GHz to a counter electrode
provided opposite to the substrate while interior of the
vacuum chamber 1s controlled to a specified pressure by
introducing gas ito the vacuum chamber and, simulta-
neously therewith, evacuating the interior of the vacuum
chamber. The substrate i1s processed using the generated
plasma while plasma distribution of the plasma on the sub-
strate 1s controlled by an annular, groove-like plasma trap
provided opposite to the substrate.

According to a 2nd aspect of the present imnvention, there 1s
provided a plasma processing method for generating plasma
within a vacuum chamber and processing a substrate placed
on a substrate electrode within the vacuum chamber. The
method comprises generating the plasma by radiating elec-
tromagnetic waves 1nto the vacuum chamber via a dielectric
window provided opposite to the substrate by supplying a
high-frequency power having a frequency of 50 MHz to 3
(GHz to an antenna while the 1nterior of the vacuum chamber
1s controlled at a specified pressure by introducing gas into the
vacuum chamber and, simultaneously therewith, evacuating
the interior of the vacuum chamber. The substrate 1s pro-
cessed using the generated plasma while plasma distribution
of the plasma on the substrate 1s controlled by an annular,
groove-like plasma trap provided opposite to the substrate.

According to a 3rd aspect of the present invention, there 1s
provided a plasma processing method according to the 1st
aspect, wherein the substrate 1s processed while a portion
surrounded by the plasma trap out of a surface forming an
inner wall surface of the vacuum chamber and opposing the
substrate has an area 0.5 to 2.5 times that of the substrate.

According to a 4th aspect of the present invention, there 1s
provided a plasma processing method according to the 1st
aspect, wherein the substrate 1s processed while the plasma
trap has a groove width of 3 mm to 50 mm.

According to a Sth aspect of the present invention, there 1s
provided a plasma processing method according to the 1st
aspect, wherein the substrate 1s processed while the plasma
has a groove depth of not less than 5 mm.

According to a 6th aspect of the present invention, there 1s
provided a plasma processing method according to the 1st
aspect, wherein the substrate 1s processed while the plasma
trap 1s provided 1n the counter electrode.
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According to a 7th aspect of the present invention, there 1s
provided a plasma processing method according to the 1st
aspect, wherein the plasma i1s generated while the plasma trap
1s provided outside an insulating ring for insulating the
vacuum chamber and the counter electrode from each other.

According to an 8th aspect of the present invention, there 1s
provided a plasma processing method according to the 1st
aspect, wherein the plasma is generated while the plasma trap
1s provided between the counter electrode and an insulating
ring for msulating the vacuum chamber and the counter elec-
trode from each other.

According to a 9th aspect of the present invention, there 1s
provided a plasma processing method according to the 1st
aspect, wherein the plasma i1s generated while the plasma trap
1s provided between the vacuum chamber and an isulating
ring for msulating the vacuum chamber and the counter elec-
trode from each other.

According to a 10th of the present invention, there 1s pro-
vided a plasma processing method according to the 2nd
aspect, wherein the plasma i1s generated while the plasma trap
1s provided 1n the dielectric window.

According to an 11th aspect of the present invention, there
1s provided a plasma processing method according to the 2nd
aspect, wherein the plasma i1s generated while the plasma trap
1s provided outside the dielectric window.

According to a 12th aspect of the present invention, there 1s
provided a plasma processing method according to the 2nd
aspect, wherein the plasma i1s generated while the plasma trap
1s provided between the vacuum chamber and the dielectric
window.

According to a 13th aspect of the present invention, there 1s
provided a plasma processing method according to the 1st
aspect, wherein the plasma 1s generated while DC magnetic
fields are absent within the vacuum chamber.

According to a 14th aspect of the present invention, there 1s
provided a plasma processing apparatus comprising a
vacuum chamber; a gas supply unit for supplying gas into the
vacuum chamber; an evacuating device for evacuating the
interior of the vacuum chamber; a substrate electrode for
placing thereon a substrate within the vacuum chamber; a
counter electrode provided opposite to the substrate elec-
trode; high-frequency power supply capable of supplying a
high-frequency power having a frequency of 50 MHz to 3
GHz to the counter electrode; and an annular, groove-like
plasma trap provided opposite to the substrate.

According to a 15th aspect of the present invention, there 1s
provided a plasma processing apparatus comprising: a
vacuum chamber; a gas supply unit for supplying gas into the
vacuum chamber; an evacuating device for evacuating the
interior of the vacuum chamber; a substrate electrode for
placing thereon a substrate within the vacuum chamber; a
dielectric window provided opposite to the substrate elec-
trode; an antenna for radiating electromagnetic waves into the
vacuum chamber via the dielectric window; a high-frequency
power supply capable of supplying a high-frequency power
having a frequency of 50 MHz to 3 GHz to the antenna; and
an annular, groove-like plasma trap provided opposite to the
substrate.

According to a 16th aspect of the present invention, there 1s
provided a plasma processing apparatus according to the 14th
aspect, wherein a portion surrounded by the plasma trap out
of a surface forming an mner wall surface of the vacuum
chamber and opposing the substrate has an area 0.5 to 2.5
times that of the substrate.

10

15

20

25

30

35

40

45

50

55

60

65

6

According to a 17th aspect of the present invention, there 1s
provided a plasma processing apparatus according to the 14th
aspect, wherein the plasma trap has a groove width of 3 mm
to 50 mm.

According to a 18th aspect ol the present invention, there 1s
provided a plasma processing apparatus according to the 14th
or 15th aspect, wherein the plasma trap has a groove depth of
not less than 5 mm.

According to a 19th aspect of the present invention, there 1s
provided a plasma processing apparatus according to the 14th
aspect, wherein the plasma trap 1s provided 1n the counter
clectrode.

According to a 20th aspect of the present invention, there 1s
provided a plasma processing apparatus according to the 14th
aspect, wherein the plasma trap 1s provided in an insulating
ring for insulating the vacuum chamber and the counter elec-
trode from each other.

According to a 21st aspect of the present invention, there 1s
provided a plasma processing apparatus according to the 14th
aspect, wherein the plasma trap 1s provided outside an 1nsu-
lating ring for insulating the vacuum chamber and the counter
electrode from each other.

According to a 22nd aspect of the present invention, there
1s provided a plasma processing apparatus according to the
14th aspect, wherein the plasma trap 1s provided between the
counter electrode and an insulating ring for isulating the
vacuum chamber and the counter electrode from each other.

According to a 23rd aspect of the present invention, there 1s
provided a plasma processing apparatus according to the 14th
aspect, wherein the plasma trap i1s provided between the
vacuum chamber and an insulating ring for insulating the
vacuum chamber and the counter electrode from each other.

According to a 24th aspect of the present invention, there 1s
provided a plasma processing apparatus according to the 15th
aspect, wherein the plasma trap 1s provided 1n the dielectric
window.

According to a 25th aspect of the present invention, there 1s
provided a plasma processing apparatus according to the 15th
aspect, wherein the plasma trap 1s provided outside the dielec-
tric window.

According to a 26th aspect ol the present invention, there 1s
provided a plasma processing apparatus according to the 15th
aspect, wherein the plasma trap i1s provided between the
vacuum chamber and the dielectric window.

According to a 27th aspect of the present invention, there 1s
provided a plasma processing apparatus according to the 14th
aspect, wherein no coil or permanent magnet for applying DC
magnetic fields 1s provided within the vacuum chamber.

According to a 28th aspect of the present invention, there 1s
provided a plasma processing apparatus according to the 1st
aspect, further comprising a matching box for use in the
plasma processing apparatus and for taking impedance
matching i supplying high-irequency power to a load. The
matching box comprises a high-frequency input terminal; a
first reactive element having one end connected to the high-
frequency input terminal and the other end connected to a
matching box casing; a high-frequency output terminal; and a
second reactive element having one end connected to the
high-frequency input terminal and the other end connected to
the high-frequency output terminal. The second reactive ele-
ment and the high-frequency output terminal are so arranged
that the second reactive element 1s located on a straight line
passing through a center axis of the high-frequency output
terminal.

According to a 29th aspect of the present invention, there 1s
provided a plasma processing apparatus according to the 28th
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aspect, wherein the first reactive element and the second
reactive element are capacitors, respectively.

According to a 30th aspect of the present invention, there 1s
provided a matching box for use 1n a plasma processing
apparatus and for taking impedance matching 1n supplying
high-frequency power to aload. The matching box comprises
a high-frequency input terminal; a first reactive element hav-
ing one end connected to the high-frequency mnput terminal
and the other end connected to a matching box casing; a
high-frequency output terminal; and a second reactive ele-
ment having one end connected to the high-frequency input
terminal and the other end connected to the high-frequency
output terminal. The second reactive element and the high-
frequency output terminal are so arranged that the second
reactive element 1s located on a straight line passing through
a center axis of the high-frequency output terminal.

According to a 31st aspect of the present invention, there 1s
provided a matching box for a plasma processing apparatus
according to the 30th aspect, wherein the second reactive
clement and the high-frequency output terminal are arranged
so that a straight line passing through a center axis of the
second reactive element and a straight line passing through
the center axis of the high-frequency output terminal are
generally comncident with each other.

According to a 32nd aspect of the present invention, there
1s provided a matching box for a plasma processing apparatus
according to the 30th aspect, wherein the first reactive ele-
ment and the second reactive element are capacitors, respec-
tively.

According to a 33rd aspect ol the present invention, there 1s
provided a matching box for a plasma processing apparatus
according to the 30th aspect, wherein the first reactive ele-
ment and the second reactive element are arranged so that a
straight line passing through a center axis of the second reac-
tive element and a straight line passing through a center axis
of the firstreactive element are generally coincident with each
other.

According to a 34th aspect of the present invention, there 1s
provided a matching box for a plasma processing apparatus
according to the 30th aspect, wherein the high-frequency
output terminal 1s the other end 1tself of the second reactive
clement.

According to a 35th aspect of the present invention, there 1s
provided a plasma processing method for generating plasma
within a vacuum chamber and processing a substrate placed
on a substrate electrode within the vacuum chamber. The
method comprises arranging a straight line passing through a

center axis of the high-frequency coupling device, a straight
line passing through a center axis of the counter electrode or
antenna, and a straight line passing through a center axis of
the substrate so as to be generally coincident together. The
interior of the vacuum chamber maintained at a specified
pressure by mtroducing a gas into the vacuum chamber and,
simultaneously therewith, exhausting the interior of the
vacuum chamber. The plasma 1s generated by applying a
high-frequency power having a frequency of 50 MHz to 300
MHz to a counter electrode or antenna provided opposr[e to
the substrate via the matching box as defined in the 30th
aspect and a high-frequency coupling device provided to
connect a high-frequency output terminal of the matching
box and the counter electrode or antenna to each other. The
substrate 1s then processed by using generated plasma.
According to a 36th aspect of the present invention, there 1s
provided a plasma processing method according to the 35th
aspect, 1n which the following additional steps are accom-
plished before maintaining the interior of the vacuum cham-
ber at the specified pressure. A straight line passing through a
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center axis of the high-frequency output terminal and a
straight line passing through the center axis of the high-
frequency coupling device as arranged so as to be generally
coincident with each other. The plasma 1s generated with the
straight line passing through the center axis of the high-
frequency output terminal and the straight line passing
through the center axis of the high-frequency coupling device
being generally coincident with each other.

According to a 37th aspect of the present invention, there 1s
provided a plasma processing method according to the 35th
aspect, 1n which the following additional steps are accom-
plishing before maintaining the interior of the vacuum cham-
ber at the specified pressure. The first reactive element and the
second reactive element are arranged so that a straight line
passing through a center axis of the second reactive element
and a straight line passing through a center axis of the first
reactive element are generally coincident with each other. The
plasma 1s generated with the straight line passing through the
center axis of the second reactive element and the straight line
passing through the center axis of the first reactive element
being generally coincident with each other.

According to a 38th aspect ol the present invention, there 1s
provided a plasma processing method according to the 35th
aspect, in which before maintaining the interior of the
vacuum chamber at the specified pressure, the high-fre-
quency output terminal 1s arranged so as to be the other end
itself of the second reactive element, and the plasma 1s gen-
erated with the high-frequency output terminal being the
other end itself of the second reactive element.

According to a 39th aspect o the present invention, there 1s
provided a plasma processing method according to the 35th
aspect, in which before controlling the interior of the vacuum
chamber at the specified pressure, a substantial distance 1s
arranged from the other end of the second reactive element to
the counter electrode or antenna so as not to be more than 1o
of the wavelength of the high-frequency power. The plasma 1s
generated with the substantial distance from the other end of
the second reactive element to the counter electrode or
antenna being not more than Yio of the wavelength of the
high-frequency power.

According to a 40th aspect of the present invention, there 1s
provided a plasma processing method for generating plasma
within a vacuum chamber and processing a substrate placed
on a substrate electrode within the vacuum chamber. The
method comprises arranging a straight line passing through a
center axis of the high-frequency coupling device, a straight
line passing through a center axis of the counter electrode or
antenna, and a straight line passing through a center axis of
the substrate so as to be generally coincident together. The
interior of the vacuum chamber 1s maintained at a specified
pressure by introducing a gas into the vacuum chamber and,
simultaneously therewith, the interior of the vacuum chamber
1s exhausted. The plasma 1s generated by applying a high-
frequency power having a frequency of 50 MHz to 300 MHz
to a counter electrode or antenna provided opposite to the
substrate via the matching box as defined in the 30th aspect
and a high-frequency coupling device provided to connect a
high-frequency output terminal of the matching box and the
counter electrode or antenna to each other, and the substrate 1s
processed by using the generated plasma.

According to a 41st aspect of the present invention, there 1s
provided a plasma processing method according to the 40th
aspect, in which before controlling the interior of the vacuum
chamber to the specified pressure, a straight line passing
through a center axis of the high-frequency output terminal
and a straight line passing through the center axis of the
high-frequency coupling device are arranged so as to be gen-




US 7,513,214 B2

9

erally coincident with each other. The plasma 1s generated
with the straight line passing through the center axis of the
high-frequency output terminal and the straight line passing
through the center axis of the high-frequency coupling device
being generally coincident with each other.

According to a 42nd aspect of the present invention, there
1s provided a plasma processing method according to the 40th
aspect, 1n which before controlling the interior of the vacuum
chamber at the specified pressure, the first variable capacitor
and the second variable capacitor are arranged that a straight
line passing through a center axis of the second variable
capacitor and a straight line passing through a center axis of
the first variable capacitor are generally coincident with each
other. The plasma 1s generated with the straight line passing
through the center axis of the second variable capacitor and
the straight line passing through the center axis of the first
variable capacitor being generally comncident with each other.

According to a 43rd aspect ol the present invention, there 1s
provided a plasma processing method according to the 40th
aspect, 1n which before controlling the interior of the vacuum
chamber to the specified pressure, the high-frequency output
terminal 1s arranged so as to be the other end 1tself of the
second reactive element. The plasma 1s generated with the
high-frequency output terminal being the other end itself of
the second variable capacitor.

According to a 44th aspect of the present invention, there 1s
provided a plasma processing method according to the 40th
aspect, in which before controlling the interior of the vacuum
chamber to the specified pressure, a substantial distance 1s
arranged from the other end of the second variable capacitor
to the counter electrode or antenna so as to be not more than
/10 of wavelength of the high-frequency power. The plasma 1s
generated with the substantial distance from the other end of
the second variable capacitor to the counter electrode or
antenna to be not more than “1o of wavelength of the high-
frequency power.

According to a 45th aspect of the present invention, there 1s
provided a plasma processing apparatus comprising: a
vacuum chamber; a gas supply unit for supplying gas into the
vacuum chamber; an evacuating device for evacuating the
interior of the vacuum chamber; a substrate electrode for
placing thereon a substrate within the vacuum chamber; a
counter electrode or an antenna provided opposite to the
substrate electrode; a high-frequency power supply capable
of supplying a high-frequency power having a frequency of
50 MHz to 300 MHz to the counter electrode or antenna; the
matching box as defined 1n the 30th aspect; and a high-
frequency coupling device for connecting the high-frequency
output terminal of the matching box and the counter electrode
or antenna to each other. A straight line passing through a
center axis of the high-frequency coupling device, a straight
line passing through a center axis of the counter electrode or
antenna, and a straight line passing through a center axis of
the substrate are arranged so as to be generally coincident
together.

According to a 46th aspect of the present invention, there 1s
provided a plasma processing apparatus according to the 45th
aspect, wherein a straight line passing through a center axis of
the high-frequency output terminal and a straight line passing,
through the center axis of the high-frequency coupling device
are arranged so as to be generally comcident with each other.

According to a 47th aspect of the present invention, there 1s
provided a plasma processing apparatus according to the 45th
aspect, wherein the first reactive element and the second
reactive element are arranged so that a straight line passing,
through a center axis of the second reactive element and a

10

15

20

25

30

35

40

45

50

55

60

65

10

straight line passing through a center axis of the first reactive
clement are generally coincident with each other.

According to a 48th aspect ol the present invention, there 1s
provided a plasma processing apparatus according to the 45th
aspect, wherein the high-frequency output terminal 1s the
other end 1tself of the second reactive element.

According to a 49th aspect of the present invention, there 1s
provided a plasma processing apparatus according to the 45th
aspect, wherein substantial distance from the other end of the
second reactive element to the counter electrode or antenna 1s
not more than Y10 of wavelength of the high-frequency power.

According to a 50th aspect of the present invention, there 1s
provided a plasma processing apparatus comprising a
vacuum chamber; a gas supply unmit for supplying gas into the
vacuum chamber; an evacuating device for evacuating the
interior of the vacuum chamber; a substrate electrode for
placing thereon a substrate within the vacuum chamber; a
counter electrode or an antenna provided opposite to the
substrate electrode; a high-frequency power supply capable
of supplying a high-frequency power having a frequency of
50 MHz to 300 MHz to the counter electrode or antenna; the
matching box as defined 1n the 30th aspect; and a high-
frequency coupling device for connecting the high-frequency
output terminal of the matching box and the counter electrode
or antenna to each other. A straight line passing through a
center axis of the high-frequency coupling device, a straight
line passing through a center axis of the counter electrode or
antenna, and a straight line passing through a center axis of
the substrate are arranged so as to be generally coincident
together.

According to a 51st aspect of the present invention, there 1s
provided a plasma processing apparatus according to the 50th
aspect, wherein the plasma 1s generated while the straight line
passing through the center axis of the high-frequency output
terminal and the straight line passing through the center axis
of the high-frequency coupling device are arranged so as to be
generally coincident with each other.

According to a 52nd aspect of the present invention, there
1s provided a plasma processing apparatus according to the
50th aspect, wherein a {irst variable capacitor and a second
variable capacitor are arranged so that a straight line passing,
through a center axis of the second variable capacitor and a
straight line passing through a center axis of the first variable
capacitor are generally coincident with each other.

According to a 53rd aspect of the present invention, there 1s
provided a plasma processing apparatus according to the S0th
aspect, wherein the high-frequency output terminal 1s the
other end itself of the second variable capacitor.

According to a 54th aspect of the present invention, there 1s
provided a plasma processing apparatus according to the 50th
aspect, wherein a substantial distance from the other end of
the second variable capacitor to the counter electrode or
antenna 1s not more than Y10 of the wavelength of the high-
frequency power.

BRIEF DESCRIPTION OF THE DRAWINGS

These and other aspects and features of the present inven-
tion will become clear from the following description taken in
conjunction with the preferred embodiments thereof with
reference to the accompanying drawings, 1n which:

FIG. 1A 1s a sectional view showing the constitution of a
plasma processing apparatus employed 1n a first embodiment
of the present invention;

FIG. 1B 1s a plan view of plasma trap of the plasma pro-
cessing apparatus of FIG. 1A;
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FIG. 2 1s a chart showing measuring results of 10n satura-
tion current density in the first embodiment of the present
invention;

FIG. 3 1s a sectional view showing the constitution of a
plasma processing apparatus employed in a second embodi-
ment of the present invention;

FIG. 4 1s a sectional view showing the constitution of a
plasma processing apparatus employed 1n a third embodi-
ment of the present invention;

FIG. 5 1s a sectional view showing the constitution of a
plasma processing apparatus employed in a fourth embodi-
ment of the present invention;

FIG. 6 1s a sectional view showing the constitution of a
plasma processing apparatus employed 1n a fifth embodiment
of the present invention;

FIG. 7 1s a sectional view showing the constitution of a
plasma processing apparatus employed 1n a sixth embodi-
ment of the present invention;

FIG. 8 1s a sectional view showing the constitution of a
plasma processing apparatus employed in a seventh embodi-
ment of the present invention;

FIG. 9 1s a chart showing measuring results of 10n satura-
tion current density in the seventh embodiment of the present
imnvention;

FIG. 10 1s a sectional view showing the constitution of a
plasma processing apparatus employed in an eighth embodi-
ment of the present invention;

FIG. 11 1s a sectional view showing the constitution of a
plasma processing apparatus employed 1n a ninth embodi-
ment of the present invention;

FIG. 12 1s a sectional view showing the constitution of a
plasma processing apparatus employed 1n another embodi-
ment of the present invention;

FIG. 13 1s a sectional view showing the constitution of a
plasma processing apparatus employed in another embodi-
ment of the present invention;

FI1G. 14 15 a plan view of the constitution of plasma traps
employed 1 another embodiment of the present invention;

FIG. 15 15 a sectional view showing the constitution of a
plasma processing apparatus employed in a prior art example;

FIG. 16 1s a sectional view showing the constitution of a
plasma processing apparatus employed in a prior art example;

FIG. 17 1s a chart showing measuring results of 1on satu-
ration current density in a prior art example;

FIG. 18 1s a chart showing measuring results of 1on satu-
ration current density in a prior art example;

FIG. 19 1s a sectional view showing the constitution of a
plasma processing apparatus employed 1n a tenth embodi-
ment of the present invention;

FIG. 20 1s a chart showing measuring results of 1on satu-
ration current density in the tenth embodiment of the present
invention;

FIG. 21 1s a sectional view showing the constitution of a

plasma processing apparatus employed 1 an eleventh
embodiment of the present invention;

FIG. 22 1s a sectional view showing the constitution of a
plasma processing apparatus employed 1n a twelfth embodi-
ment of the present invention;

FIG. 23 1s a sectional view showing the constitution of a
plasma processing apparatus employed 1 a thirteenth
embodiment of the present invention;

FIG. 24 1s a sectional view showing the constitution of a
plasma processing apparatus employed in a prior art example;

FIG. 25 1s a chart showing measuring results of 1on satu-
ration current density in the prior art example;
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FIG. 26 1s a sectional view showing the constitution of a
plasma processing apparatus employed in another prior art
example;

FIG. 27 1s a sectional view showing the constitution of a
plasma processing apparatus employed 1n a modification of
the third embodiment of the present invention;

FIG. 28 15 a sectional view showing the constitution of a
plasma processing apparatus employed 1n a modification of
the eighth embodiment of the present invention;

FIG. 29 15 a sectional view showing the constitution of a
plasma processing apparatus where the plasma processing
apparatus in the tenth embodiment of the present invention 1n
FIG. 19 and the plasma processing apparatus in the modifi-
cation of the third embodiment of the present invention 1n
FI1G. 27 are combined with each other; and

FIG. 30 1s a sectional view showing the constitution of a
plasma processing apparatus where the plasma processing
apparatus 1n the eleventh embodiment of the present mnven-
tion 1 FIG. 21 and the plasma processing apparatus 1n the

modification of the eighth embodiment of the present inven-
tion in FIG. 28 are combined with each other.

DETAILED DESCRIPTION OF THE PR.
EMBODIMENTS

1]
=T

ERRED

Betore the description of the present invention proceeds, it
1s to be noted that like parts are designated by like reference
numerals throughout the accompanying drawings.

Hereinbelow, embodiments according to the present inven-
tion are described in detail with reference to the accompany-
ing drawings.

A first embodiment of the present invention 1s described
below with reference to FIGS. 1A, 1B, and 2.

FIG. 1A shows a sectional view of a plasma processing,
apparatus employed 1n the first embodiment of the present
invention. Referring to FIG. 1A, while the interior of a
vacuum chamber 1 1s maintained at a specified pressure by
introducing a specified gas from a gas supply unit 2 1nto the
vacuum chamber 1 and by simultaneously performing evacu-
ation by a pump 3 as an evacuating device, a high-frequency
power of 100 MHz 1s supplied to a counter electrode S by a
counter-electrode-use-high-frequency power supply 4. Then,
plasma 1s generated 1n the vacuum chamber 1, where plasma
processing such as etching, deposition, and surface reforming
can be carried out on a substrate 7 placed on a substrate
clectrode 6. A substrate-electrode-use-high-frequency power
supply 8 for supplying high-frequency power to the substrate
clectrode 6 1s also provided, so that 1on energy thatreaches the
substrate 7 can be controlled. Also, an annular, groove-like
plasma trap 9 shown 1n FIGS. 1A and 1B 1s provided opposite
to the substrate 7, making 1t possible to process the substrate
7 while the plasma distribution on the substrate 7 1s con-
trolled. The plasma trap 9 1s provided 1n the counter electrode
5. Out of surfaces forming inner wall surfaces of the vacuum
chamber 1 and opposing the substrate 7, an electrode portion
10 (cross hatched portion) surrounded by the plasma trap 9
has an area 0.8 time that of the substrate 7, as one example.
Also, the groove width of the plasma trap 9 1s 10 mm, and the
groove depth of the plasma trap 9 1s 15 mm, as one example.
In addition, the counter electrode 5 1s insulated from the
vacuum chamber 1 by an insulating ring 11. As shown in FI1G.
1A (as well as the other Figures), the annular groove (plasma
trap) 9 has a bottom face, an outer-side face closest to the side
wall of the vacuum chamber 1, and an inner-side face farthest
from the side wall of the vacuum chamber 1. As can be seen,
the outer-side face of the annular groove 9 1s located “inside”
of the inner surface of the side wall of the vacuum chamber. In
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this regard, the terms “inside” and “outside” mean closer to,
and farther from, respectively, a vertical center axis of the
vacuum chamber.

FIG. 2 shows measuring results of 1on saturation current
density at a position just 20 mm above the substrate 7. Con-
ditions for plasma generation are gas type of C12 and gas flow
rate of 100 sccm, a pressure of 1 Pa, and a high-frequency
power of 2 kW, as one example. It can be understood from
FIG. 2 that the tendency for plasma to be richer 1n peripheral
regions as shown in FIG. 17 1s suppressed, and that uniform
plasma 1s generated.

The reason why the uniformity of plasma 1s improved like
this as compared with the plasma processing apparatus shown
in FIG. 15 of the prior art example could be considered as
follows. Electromagnetic waves radiated from the counter
clectrode 5 are intensified by the plasma trap 9. Also, since
plasma of low electron temperature tends to cause hollow
cathode discharge, high density plasma (hollow cathode dis-
charge) 1s more likely to be generated by the plasma trap 9
surrounded by the solid surfaces. Accordingly, in the vacuum
chamber 1, plasma density becomes the highest at the plasma
trap 9, and through transport of plasma to vicimities of the
substrate 7 by diffusion, uniform plasma can be obtained.

In addition, the hollow cathode discharge 1s as described
below. Generally, because a solid surface 1n contact with
plasma 1s negatively charged due to differences in thermal
motion velocity between electrons and 1ons, DC electric
fields that repel electrons from the solid surface are generated
on the solid surface. In a space surrounded by solid surfaces,
as 1n the plasma trap 9 illustrated 1n the first embodiment of
the present invention, the probability of electrons colliding
with the solid surfaces 1s lowered by the presence of the DC
clectric fields, prolonging the life of the electrons. As a resullt,
high-density plasma 1s generated in the plasma trap 9. Such a
discharge 1s referred to as hollow cathode discharge.

The first embodiment of the present invention has been
described above for the case where the plasma trap 9 is
provided in the counter electrode 5. In this case, however,
there 1s a possibility that a self-bias voltage developed at the
counter electrode 5 causes high-density 1ons present in the
plasma trap 9 to collide with the counter electrode 5 at a high
energy level so that sputtering of the counter electrode 5 may
occur. The sputtering of the counter electrode 5 may shorten
the life of the counter electrode 5 or mix impurities 1nto the
substrate 7, thus being undesirable. This can be avoided by
providing the plasma trap in portions other than the counter
clectrode 5. For example, the plasma trap 9 may be provided
in the msulating ring 11 as shown 1n a second embodiment of
FIG. 3. Also, the plasma trap 9 may be provided outside the
insulating ring 11, that 1s, 1n a metallic upper wall 1a of the
vacuum chamber 1 as shown 1n a third embodiment of FI1G. 4.
Further, when the plasma trap 9 1s provided between the
counter electrode 5 and the mnsulating ring 11 as shown 1n a
fourth embodiment of FI1G. 5 or a fifth embodiment of FIG. 6,
improvement can be attained more or less. Furthermore, the
plasma trap 9 may be provided between the upper wall 1a of
the vacuum chamber 1 and the 1insulating ring 11 as shown 1n
a sixth embodiment of FIG. 7.

In FIG. 1A, the plasma trap 9 1s defined by three faces, that
1s, an 1nner face, an upper face, and an outer face of the
counter electrode 5. In FIG. 3, the plasma trap 9 1s defined by
three faces, that 1s, an 1nner face, an upper face, and an outer
face of the msulating ring 11. In FIG. 4, the plasma trap 9 1s
defined by three faces, that 1s, an mnner face, an upper face, and
an outer face of the upper wall 1a of the vacuum chamber 1.
In FIG. 5, the plasma trap 9 1s defined by an 1inner face formed
on the counter electrode 5 and an upper face and an outer face
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formed on the msulating ring 11. In FIG. 6, the plasma trap 9
1s defined by an 1nner face and an upper face formed on the
counter electrode 5 and an outer face formed on the mnsulating
ring 11 and the upper wall 1a of the vacuum chamber 1. In
FIG. 7, the plasma trap 9 1s defined by an inner face formed on
the msulating ring 11 and an upper face and an outer face
tormed on the upper wall 1 a of the vacuum chamber 1.

Next, a seventh embodiment of the present invention 1s
described with reference to FIGS. 8 and 9.

FIG. 8 shows a sectional view of a plasma processing
apparatus employed in the seventh embodiment of the present
invention. Referring to FIG. 8, while the interior of a vacuum
chamber 1 1s maintained at a specified pressure by mtroduc-
ing a specified gas from a gas supply unit 2 into the vacuum
chamber 1 and simultaneously performing evacuation by a
pump 3 as an evacuating device, a high-frequency power of
100 MHz 1s supplied to a spiral antenna 13 by an antenna-
use-high-frequency power supply 12, and electromagnetic
waves are radiated 1nto the vacuum chamber 1 via a dielectric
window 14 provided opposite the substrate 7 placed on the
substrate electrode 6. Then, plasma i1s generated in the
vacuum chamber 1, where plasma processing such as etching,
deposition, and surface reforming can be carried out on the
substrate 7. A substrate-electrode-use-high-frequency power
supply 8 for supplying high-frequency power to the substrate
electrode 6 1s provided, so that 1on energy that reaches the
substrate 7 can be controlled. Also, an annular, groove-like
plasma trap 9 provided opposite to the substrate 7 makes 1t
possible to process the substrate 7 while the plasma distribu-
tion on the substrate 7 1s controlled. The plasma trap 9 1s
provided 1n the dielectric window 14 so as to be defined by an
iner, an upper, and an outer faces formed in the dielectric
window 14. Out of surfaces of the vacuum chamber 1 oppos-
ing the substrate 7, a wall portion 10 (cross hatched portion)
surrounded by the plasma trap 9 has an area 0.8 time that of
the substrate 7, as one example. Also, the groove width of the
plasma trap 9 1s 10 mm, and the groove depth of the plasma
trap 9 1s 15 mm, as one example.

FIG. 9 shows measuring results of 10n saturation current
density at a position just 20 mm above the substrate 7. Con-
ditions for plasma generation are gas type of Cl, and gas flow
rate of 100 sccm, a pressure of 1 Pa, and a high-frequency
power of 2 kKW, as one example. It can be understood from
FIG. 9 that the tendency for plasma to be richer in peripheral
regions as shown in FIG. 18 1s suppressed, and that uniform
plasma 1s generated.

The reason why the uniformity of plasma 1s improved like
this as compared with the plasma processing apparatus shown
in FIG. 16 of the prior art example could be considered as
follows. Electromagnetic waves radiated from the spiral
antenna 13 are intensified by the plasma trap 9. Also, since
plasma of low electron temperature tends to cause hollow
cathode discharge, high density plasma (hollow cathode dis-
charge) 1s more likely to be generated by the plasma trap 9
surrounded by the solid surfaces. Accordingly, 1n the vacuum
chamber 1, plasma density becomes the highest at the plasma
trap 9, and through transport of plasma to vicinities of the
substrate 7 by diffusion, uniform plasma can be obtained.

The 7th embodiment of the present mnvention has been
described above for the case where the plasma trap 9 1s
provided 1n the dielectric window 14. However, the plasma
trap 9 may also be provided outside the dielectric window 14
so as to be defined by three faces, that 1s, an inner face, an
upper lace, and an outer face formed 1n the upper wall 1 a of
the vacuum chamber 1 as shown 1n an eighth embodiment of
FIG. 10. Further, the plasma trap 9 may be provided between
the vacuum chamber 1 and the dielectric window 14 so as to
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be defined by three faces, that is, an inner face and an upper
face formed by the dielectric window 14, and an outer face
formed by the upper wall 1a of the vacuum chamber 1 as
shown 1n a 9th embodiment of FIG. 11. As shown in FIGS. 10
and 11, the plasma trap 9 can be arranged 1n the upper surface
of the vacuum chamber so that the outer diameter of the
plasma trap 1s less than the imnner side surface diameter of the
vacuum chamber, and a that a metallic surface portion 1a 1s
tormed between the outer periphery of the plasma trap and the
inner side surface of the vacuum chamber 1.

The foregoing embodiments of the present invention as
described above are given only by way of example as part of
many variations of the configuration of the vacuum chamber
1, the configuration and arrangement of the counter electrode
6 or antenna 13, the configuration and arrangement of the
dielectric window 14, and the configuration and arrangement
of the plasma trap 9, within the application scope of the
present mnvention. It 1s needless to say that the present inven-
tion may be applied 1 other various ways besides the
examples given above. For example, whereas the foregoing
embodiments have been described for the case where the
counter electrode 6 1s circular shaped, the counter electrode
may also be formed 1n a polygonal, elliptical, or other shape.
Also, whereas 1n each of the foregoing cases, the antenna 13
1s spiral shaped, the antenna may be formed 1n a flat-plate,
spoke, or other shape. Otherwise, the present invention may
also be applied to a surface-wave plasma processing appara-
tus having a cavity resonator 135, as shown 1n FIG. 12, where
the cavity resonator 15 1s regarded as an antenna. Further-
more, the present invention may be applied to a surface-wave
plasma processing apparatus having a cavity resonator 15 and
a slot antenna 16, as shown 1n FIG. 13.

The foregoing embodiments of the present invention have
been described for the case where the plasma trap 9 1s annular
shaped. However, the plasma trap 9 may also be formed 1nto
a polygonal, elliptical, or other shape 1n accordance with the
configuration of the substrate 7. Otherwise, the plasma trap 9
may be formed 1nto a shape that 1s not a closed annular shape
but a divisional, yet generally annular shape as shown by the
plan view of F1G. 14. The above various kinds of arrangement
of the plasma trap 9 1n FIGS. 8, 10, and 11 etc. can be applied
to the apparatus of FIGS. 12 and 13.

Further, whereas the first or seventh embodiment of the
present invention has been described for the case where a
high-frequency power of 100 MHz 1s supplied to the counter
clectrode 6 or antenna 13, the frequency 1s not limited to this
and the present invention 1s effective for a plasma processing
method and apparatus using frequencies of 50 MHz to 3 Ghz.

Also, each of the first to seventh embodiments of the
present invention has been described for the case where, out
of surfaces forming the mmner wall surfaces of the vacuum
chamber 1 and opposing the substrate 7, the area of the
portion surrounded by the plasma trap 9 1s 0.8 times the area
of the substrate 7. However, it 1s desirable that the area of this
portion be 0.5-2.5 times the area of the substrate 7. If the area
ol this portion 1s less than 0.5 times the area of the substrate 7,
it 1s difficult to obtain uniform plasma 1n vicinities of the
substrate 7 even with a sullicient distance between the sub-
strate 7 and the plasma trap 9. Also, 11 the area of this portion
1s over 2.5 times the area of the substrate 7, 1t 1s necessary to
keep an extremely large distance between the substrate 7 and
the plasma trap 9 in order to obtain uniform plasma in vicini-
ties of the substrate 7. This, undesirably, would cause the
apparatus to be increased in size, and an excessive burden
would be imposed on the pump 3 to hold the interior of the
vacuum chamber 1 at a low pressure. For example, when the
substrate has a diameter of 300 mm and the plasma trap has a
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diameter of 200 mm, the area of this portion surrounded by
the plasma trap 1s 0.5 times the area of the substrate. When the
substrate has a diameter of 300 mm and the plasma trap has a
diameter of 300 mm, the area of this portion surrounded by
the plasma trap 1s 2.5 times the area of the substrate.

Also, each of the first to seventh embodiments of the
present invention has been described for the case where the
groove width of the plasma trap 9 1s 10 mm. However, 1t 1s
desirable that the groove width of the plasma trap 9 be within
arange of 3 mm-50 mm. If the groove width 1s less than 3 mm,
or over 50 mm, there 1s a possibility that hollow cathode
discharge does not occur by the plasma trap 9.

Also, whereas the foregoing embodiments have been
described for the case where the groove of the plasma trap 9
1s rectangular section-shaped, the groove sectional shape may
be U-shaped, V-shaped, or a combination of rectangular
shape, U-shape, and V-shape.

Also, each of the first to seventh embodiments of the
present invention has been described for the case where the
groove depth of the plasma trap 9 1s 15 mm. However, 1t 1s
desirable that the groove depth of the plasma trap 9 be not less
than 5 mm. If the groove depth is less than 5 mm, there 1s a
possibility that hollow cathode discharge does not occur.

The plasma processing apparatus of the third embodiment
in FIGS. 4 and 10 may be applied in a case where the area
surrounded by the plasma trap 9 1s larger than the area of the
substrate 7. In this case, 1t 1s suitable to use per-fluorocarbon
gas such as CF, gas, C,F . gas, C,F, gas, C.F, gas, etc. or
hydro-fluorocarbon such as CHF; gas, CH,F,, eftc.

On the other hand, a plasma processing apparatus of a
modification of the third embodiment in FIG. 27 and a plasma
processing apparatus of a modification of the eighth embodi-
ment 1 FIG. 28 may be applied 1n a case where the area
surrounded by the plasma trap 9 1s not larger than the area of
the substrate 7. In this case, 1t 1s suitable to use Boron-based
gas such as HBr gas, or chlorine-based gas such as Cl, gas,
BCl, gas, HCI gas etc.

Please note that although it has been described as one
example that the using gas 1s applied depending on the area
surrounded by the plasma trap, the optimum selection of the
using gas 1s not limited to this. The optimum condition can be
determined while referring to pressure, power, mixed gas, and
the like because the optimum selection of the using gas
depends on the conditions such as pressure, power, mixed
gas, and the like.

Also, the foregoing embodiments of the present invention
have been described for the case where DC magnetic fields
are absent 1 the vacuum chamber 1. However, the present
invention 1s also effective for cases where such large DC
magnetic fields as to allow high-frequency power to penetrate
into the plasma are absent, for example, a case where small
DC magnetic fields on the order of several tens gausses are
used for improvement 1n 1gnitability. Yet, the present mnven-
tion 1s particularly effective for cases where DC magnetic
fields are absent 1n the vacuum chamber 1.

As apparent from the above description, the plasma pro-
cessing method of the present invention for generating
plasma within a vacuum chamber and processing a substrate
placed on a substrate electrode within the vacuum chamber
comprises generating the plasma by supplying a high-fre-
quency power having a frequency of 50 MHz to 3 GHz to a
counter electrode provided opposite to the substrate while the
interior of the vacuum chamber 1s controlled to maintain a
specified pressure by mtroducing gas into the vacuum cham-
ber. Simultaneously, therewith, the interior of the vacuum
chamber 1s evacuated. The substrate 1s processed by using the
generated plasma while distribution of the plasma on the




US 7,513,214 B2

17

substrate 1s controlled by an annular, groove-like plasma trap
provided opposite to the substrate. Thus, because the sub-
strate 1s processed while the plasma distribution on the sub-
strate 1s controlled by the annular, groove-like plasma trap
provided opposite to the substrate, uniform plasma can be
generated so that the substrate can be uniformly processed.

Also, the plasma processing method of the present inven-
tion for generating plasma within a vacuum chamber and
processing a substrate placed on a substrate electrode within
the vacuum chamber comprises generating the plasma by
radiating electromagnetic waves into the vacuum chamber
via a dielectric window provided opposite to the substrate by
supplying a high-frequency power having a frequency of 50
MHz to 3 GHz to an antenna while the interior of the vacuum
chamber 1s controlled to maintain a specified pressure by
introducing gas into the vacuum chamber. Simultaneously,
therewith, the interior of the vacuum chamber 1s evacuated.
The substrate 1s processed by using the generated plasma
while plasma distribution of the plasma on the substrate 1s
controlled by an annular, groove-like plasma trap provided
opposite to the substrate. In this method, if the substrate 1s
processed while the plasma distribution on the substrate 1s
controlled by the annular, groove-like plasma trap provided
opposite to the substrate, uniform plasma can be generated so
that the substrate can be umiformly processed.

Also, the plasma processing apparatus of the present inven-
tion comprises a vacuum chamber; a gas supply unit for
supplying gas into the vacuum chamber; an evacuating device
tor evacuating the interior of the vacuum chamber; a substrate
clectrode for placing thereon a substrate within the vacuum
chamber; a counter electrode provided opposite to the sub-
strate electrode; high-frequency power supply capable of sup-
plying a high-frequency power having a frequency of S0 MHz
to 3 GHz to the counter electrode; and an annular, groove-like
plasma trap provided opposite to the substrate. Thus, uniform
plasma can be generated so that the substrate can be uni-
tormly processed.

Also, the plasma processing apparatus of the present inven-
tion comprises a vacuum chamber; a gas supply unit for
supplying gas into the vacuum chamber; an evacuating device
for evacuating the interior of the vacuum chamber; a substrate
clectrode for placing thereon a substrate within the vacuum
chamber; a dielectric window provided opposite to the sub-
strate electrode; an antenna for radiating electromagnetic
waves 1nto the vacuum chamber via the dielectric window; a
high-frequency power supply capable of supplying a high-
frequency power having a frequency of 50 MHz to 3 GHz to
the antenna; and an annular, groove-like plasma trap provided
opposite to the substrate. Thus, umiform plasma can be gen-
erated so that the substrate can be uniformly processed.

Now a tenth embodiment of the present mmvention 1s
described below with reference to FIGS. 19 and 20.

FIG. 19 shows a sectional view of a plasma processing
apparatus emploved 1n the tenth embodiment of the present
invention. Referring to FIG. 19, while the interior of a vacuum
chamber 101 1s maintained at a specified pressure by 1ntro-
ducing a specified gas from a gas supply unit 102 into the
vacuum chamber 101 and simultaneously performing evacu-
ation by a pump 103 as an evacuating device, a high-fre-
quency power ol 100 MHz 1s supplied to a counter electrode
107 by a counter-clectrode-use-high-frequency power supply
104 via a matching box 105 and a high-frequency coupling
device (mount) 106. Then, plasma 1s generated 1n the vacuum
chamber 101, where plasma processing such as etching,
deposition, and surface reforming can be carried out on a
substrate 109 placed on a substrate electrode 108. A substrate-
clectrode-use-high-frequency power supply 110 for supply-
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ing high-frequency power to the substrate electrode 108 1s
also provided, so that 1on energy that reaches the substrate
109 can be controlled. In addition, the counter electrode 107
1s msulated from the vacuum chamber 101 by an insulating
ring 111.

The matching box 105, which 1s used to take impedance
matching i supplying high-ifrequency power to the counter
clectrode 107 as a load, comprises a high-frequency 1nput
terminal 112, a first variable capacitor 113, a high-frequency
output terminal 114, a second variable capacitor 115, a first
motor 116, a second motor 117, and a motor control circuit
118. One end of the first variable capacitor 113 1s connected
to the high-frequency input terminal 112, the other end being
connected to the matching box casing 105a. One end of the
second variable capacitor 115 1s connected to the high-ire-
quency input terminal 112, the other end being connected to
the high-frequency output terminal 114. Also, a straight line
forming the center axis of the second variable capacitor 115,
a straight line forming the center axis of the high-frequency
output terminal 114, a straight line forming the center axis of
the high-frequency coupling device (mount) 106, a straight
line forming the center axis of the counter electrode 107, and
a straight line forming the center axis of the substrate 109 are
arranged so as to be generally coincident together. Also, the
first variable capacitor 113 and the second variable capacitor
115 are arranged so that the straight line forming the center
axis of the second varnable capacitor 115 and a straight line
forming the center axis of the first variable capacitor 113 are
generally coincident with each other. Further, a substantial
distance 19 from the other end of the second variable capaci-
tor 115 to the counter electrode 107 1s V15 (20 cm) of the
wavelength (3 m) of the high-frequency power, as one
example.

FIG. 20 shows results of measuring 1on saturation current
density at apposition just 20 mm above the substrate 109.
Conditions for plasma generation are gas type of Cl, and gas
flow rate of 100 sccm, a pressure of 2 Pa, and a high-fre-
quency power of 1 kW, as one example. Also, FIG. 19 shows
the measuring position in FIG. 20. It can be understood from
FIG. 20 that nonuniformity of plasma as shown 1n FIG. 25,
where plasma density 1s higher on one side of the measuring
position, cannot be seen.

The reason why the uniformity of plasma 1s improved like
this as compared with the plasma processing apparatus shown
in FIG. 24 of the prior art example could be considered as
follows. In the case where a high-frequency power of 50 MHz
or higher 1s used, there develops a potential distribution 1n the
counter electrode 107 under the effect of the arrangement of
the second variable capacitor 115 within the matching box
105. However, 1n the tenth embodiment of the present inven-
tion, the potential distribution developed on the counter elec-
trode 107 becomes concentric because of the arrangement in
which a straight line forming the center axis of the second
variable capacitor 113, a straight line forming the center axis
of the high-frequency output terminal 114, a straight line
forming the center axis of the high-frequency coupling device
(mount) 106, a straight line forming the center axis of the
counter electrode 107, and a straight line forming the center
axis ol the substrate 109 are generally coincident together. As
a result, the electric fields within the vacuum chamber 101
also become concentric so that the uniformity of plasma can
be improved.

The foregoing tenth embodiment of the present invention
has been described for the case where the counter electrode
107 1s used to generate plasma. However, the present inven-
tion 1s also effective for cases where a spiral antenna 120 1s
used as 1n an eleventh embodiment of the present invention
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shown 1n FIG. 21. In addition, 1in the eleventh embodiment of
the present invention shown 1n FIG. 21, a dielectric window
121 1s used.

Also, the foregoing tenth and eleventh embodiments of the
present invention are given only by way of example as part of
many variations of the configuration of the vacuum chamber
101, the configuration and arrangement of the counter elec-
trode 107 or antenna 120, the configuration and arrangement
of the dielectric 121, and the like within the application scope
of the present invention. It 1s needless to say that the present
invention may be applied in other various ways besides the
examples given above. For example, whereas the tenth
embodiment of the present invention has been described for a
case where the counter electrode 107 1s circular shaped, the
counter electrode may also be formed 1n a polygonal, ellipti-
cal, or other shape. Also, whereas 1n the foregoing case, the
antenna 120 1s spiral shaped, the antenna may be formed 1n a
flat-plate, spoke, or other shape.

The foregoing 10th and 11th embodiments of the present
invention have been described for the case where the high-
frequency power of 100 MHz 1s supplied to the counter elec-
trode 107 or antenna 120. However, the frequency 1s not
limited to this and the present invention 1s effective for cases
where frequencies of 50 MHz to 300 MHz are used. If the
frequency 1s lower than 50 MHz, the umiformity of plasma can
be easily obtained even without applying the present inven-
tion. Also, if the frequency i1s higher than 300 MHz, 1t 1s
difficult to take impedance matching by using two variable
capacitors, giving rise to a need for taking impedance match-
ing by stubs.

Also, the 10th and 11th embodiments of the present inven-
tion have been described for a case where the first variable
capacitor and the second variable capacitor are arranged so
that the straight line forming the center axis of the second
variable capacitor and the straight line forming the center axis
of the first variable capacitor are generally coincident with
cach other. However, because the potential distribution devel-
oped at the counter electrode 107 1s atlected primarily by the
arrangement of the second variable capacitor, the uniformity
of plasma 1s greatly improved, as compared with the prior art,
also when the straight line forming the center axis of the
second variable capacitor 115 and the straight line forming
the center axis of the first vaniable capacitor 113 are not
coincident with each other as 1n a 12th embodiment of the
present invention shown in FIG. 22. Such a constitution as
shown 1 FIG. 22 1s effective for cases where the matching
box needs to be downsized, the constitution being included in
the application scope of the present invention.

Also, the 12th embodiment of the present invention has
been described for the case where the matching box has
variable capacitors by way of example. However, the present
invention produces similar effects also with a matching box
having reactive elements such as variable inductors, fixed
capacitors, or fixed inductors.

Also, whereas the 12th embodiment has been described for
the case where the other end of the second variable capacitor
115 and the high-frequency output terminal are provided as
separate members. However, the high-frequency output ter-
minal 114 may be provided as the other end of the second
variable capacitor 115 itself, as 1n a 13th embodiment of the
present invention shown 1n FIG. 23.

Also, the 10th embodiment of the present invention has
been described on the case where the substantial distance
from the other end of the second variable capacitor 113 to the
counter electrode 107 1s ¥is of the wavelength of the high-
frequency power. It 1s desirable that the substantial distance
from the other end of the second variable capacitor 113 to the
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counter electrode 107 or antenna 120 be Yio or less of the
wavelength of the high-frequency power. It the substantial
distance from the other end of the second variable capacitor
115 to the counter electrode 107 or antenna 1s larger than Yio
of the wavelength of the high-frequency power, the induc-
tance from the other end of the second variable capacitor 1135
to the counter electrode 107 or antenna becomes too large,
making 1t difficult to take impedance matching with two
variable capacitors.

In the foregoing embodiments, any one of the embodi-
ments can be combined with any other one of the embodi-
ments. For example, FIG. 29 1s a sectional view showing the
constitution of a plasma processing apparatus where the
plasma processing apparatus in the tenth embodiment of the
present invention in FIG. 19 and the plasma processing appa-
ratus 1in the modification of the third embodiment of the
present invention m FIG. 27 are combined with each other.
FIG. 30 1s a sectional view showing the constitution of a
plasma processing apparatus where the plasma processing
apparatus 1n the eleventh embodiment of the present mnven-
tion 1 FIG. 21 and the plasma processing apparatus 1n the
modification of the eighth embodiment of the present inven-
tion 1n FIG. 28 are combined with each other. Such a combi-
nation can obtain both of the etffects of the combined embodi-
ments.

As apparent from the above description, the matching box
of the present invention i1s for use i1n a plasma processing
apparatus and for taking impedance matching in supplying
high-frequency power to a load. The matching box comprises
a high-frequency input terminal; a first reactive element hav-
ing one end connected to the high-frequency input terminal
and the other end connected to a matching box casing; a
high-frequency output terminal; and a second reactive ele-
ment having one end connected to the high-frequency input
terminal and the other end connected to the high-frequency
output terminal. The second reactive element and the high-
frequency output terminal are arranged so that the second
reactive element 1s located on a straight line passing through
a center axis of the high-frequency output terminal. Thus,
uniform plasma can be generated so that the substrate can be
unmiformly processed.

Also, the matching box of the present invention 1s for use 1n
a plasma processing apparatus and for taking impedance
matching 1n supplying high-frequency power to a load. The
matching box comprises a high-frequency input terminal; a
first variable capacitor having one end connected to the high-
frequency input terminal and the other end connected to a
matching box casing; a high-frequency output terminal; and a
second variable capacitor having one end connected to the
high-frequency 1input terminal and the other end connected to
the high-frequency output terminal. The second variable
capacitor and the high-frequency output terminal are
arranged so that the second variable capacitor 1s located on a
straight line passing through a center axis of the high-ire-
quency output terminal. Thus, uniform plasma can be gener-
ated so that the substrate can be uniformly processed.

Also, the plasma processing method of the present mven-
tion includes generating plasma within a vacuum chamber
and processing a substrate placed on a substrate electrode
within the vacuum chamber. The method comprises arrang-
ing a straight line passing through a center axis of the high-
frequency coupling device, a straight line passing through a
center axis of the counter electrode or antenna, and a straight
line passing through a center axis of the substrate so as to be
generally coincident together. The interior of the vacuum
chamber 1s maintained at a specified pressure by introducing
a gas 1mto the vacuum chamber and, simultaneously there-
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with, exhausting the interior of the vacuum chamber. The
plasma 1s generated by applying a high-frequency power
having a frequency of 50 MHz to 300 MHz to a counter
clectrode or antenna provided opposite to the substrate via the
matching box, and a high-frequency coupling device 1s pro-
vided to connect a high-frequency output terminal of the
matching box and the counter electrode or antenna to each
other. The substrate 1s processed by using the generated

plasma. Thus, uniform plasma can be generated so that the
substrate can be uniformly processed.

Also, the plasma processing method of the present inven-
tion 1s for generating plasma within a vacuum chamber and
processing a substrate placed on a substrate electrode within
the vacuum chamber. The method comprises arranging a
straight line passing through a center axis of the high-fre-
quency coupling device, a straight line passing through a
center axis of the counter electrode or antenna, and a straight
line passing through a center axis of the substrate so as to be
generally coincident together. The interior of the vacuum
chamber 1s maintained at a specified pressure by introducing
a gas 1mto the vacuum chamber and, simultaneously there-
with, exhausting the interior of the vacuum chamber. The
plasma 1s generated by applying a high-frequency power
having a frequency of 50 MHz to 300 MHz to a counter
clectrode or antenna provided opposite to the substrate via the
matching box, and a high-frequency coupling device 1s pro-
vided to connect a high-frequency output terminal of the
matching box and the counter electrode or antenna to each
other. The substrate 1s processed by using the generated
plasma. Thus, uniform plasma can be generated so that the
substrate can be uniformly processed.

Also, the plasma processing apparatus comprises a vacuum
namber; a gas supply unit for supplying gas into the vacuum
hamber; an evacuating device for evacuating the interior of
ne vacuum chamber; a substrate electrode for placing
hereon a substrate within the vacuum chamber; a counter
clectrode or an antenna provided opposite to the substrate
clectrode; a high-frequency power supply capable of supply-
ing a high-frequency power having a frequency of 50 MHz to
300 MHz to the counter electrode or antenna; the matching
box as defined 1n the 28th aspect; and a high-frequency cou-
pling device for connecting the high-frequency output termi-
nal of the matching box and the counter electrode or antenna
to each other. A straight line passing through a center axis of
the high-frequency coupling device, a straight line passing,
through a center axis of the counter electrode or antenna, and
a straight line passing through a center axis of the substrate
are arranged so as to be generally coincident together. Thus,
uniform plasma can be generated so that the substrate can be
uniformly processed.
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Also, the plasma processing apparatus comprises a vacuum
namber; a gas supply unit for supplying gas into the vacuum
hamber; an evacuating device for evacuating the interior of
ne vacuum chamber; a substrate electrode for placing
hereon a substrate within the vacuum chamber; a counter
clectrode or an antenna provided opposite to the substrate
clectrode; high-frequency power supply capable of supplying
a high-frequency power having a frequency of 50 MHz to 300
MHz to the counter electrode or antenna; the matching box as
defined 1n the 33rd aspect; and a high-frequency coupling
device for connecting the high-frequency output terminal of
the matching box and the counter electrode or antenna to each
other. A straight line passing through a center axis of the
high-frequency coupling device, a straight line passing
through a center axis of the counter electrode or antenna, and
a straight line passing through a center axis of the substrate
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are arranged so as to be generally coincident together. Thus,
uniform plasma can be generated so that the substrate can be
uniformly processed.

Although the present invention has been fully described 1n
connection with the preferred embodiments thereof with ret-
erence to the accompanying drawings, 1t 1s to be noted that
various changes and modifications are apparent to those
skilled 1n the art. Such changes and modifications are to be
understood as included within the scope of the present inven-
tion as defined by the appended claims unless they depart
therefrom.

We claim:

1. A plasma processing method for generating plasma
within a vacuum chamber and processing a substrate placed
on a substrate electrode within the vacuum chamber, the
method comprising:

generating the plasma by supplying a high-frequency

power having a frequency of 50 MHz to 3 GHz to a
counter electrode provided opposite to the substrate
while the interior of the vacuum chamber 1s controlled to
a speciiied pressure by introducing gas into the vacuum
chamber and, simultaneously therewith, evacuating the
interior of the vacuum chamber; and

processing the substrate using the generated plasma while

controlling plasma distribution on the substrate using a
single annular groove formed between the vacuum
chamber and an insulating ring for insulating the
vacuum chamber and the counter electrode from each
other, wherein said insulating ring annularly surrounds

the counter electrode, wherein the annular groove being
located so that an outer-side face of the annular groove 1s
located 1side of and 1s non-coplanar with an mner sur-
face of a sidewall of the vacuum chamber, and so that the
annular groove has a groove width 1n a range of 3 mm to

S0 mm.

2. A plasma processing apparatus comprising:
a vacuum chamber;

a gas supply unit for supplying gas into said vacuum cham-
ber;

an evacuating device for evacuating an interior of said
vacuum chamber;

a substrate electrode for placing thereon a substrate within
said vacuum chamber;

a counter electrode provided opposite to said substrate
electrode:

a high-frequency power supply operable to supply a high-
frequency power having a frequency of 50 MHz to 3
(GHz to said counter electrode; and

a single annular groove formed between said vacuum
chamber and an insulating ring for insulating said
vacuum chamber and said counter electrode from each
other, wherein said 1nsulating ring annularly surrounds
the counter electrode, wherein said annular groove being
located so that an outer-side face of said annular groove
1s located 1nside of and 1s non-coplanar with an 1nner
surface of a sidewall of said vacuum chamber, said annu-
lar groove having a groove width 1n a range of 3 mm to
S0 mm.

3. The plasma processing method of claim 1, wherein the
single annular groove defines a plasma trap located opposite
the substrate.

4. The plasma processing method of claim 1, further com-
prising supplying a gas into the vacuum chamber at a location
outside of the annular groove such that no gas 1s itroduced
directly into the annular groove from outside the vacuum
chamber.
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5. The plasma processing apparatus of claim 2, wherein
said single annular groove defines a plasma trap located oppo-
site the substrate.

6. The plasma processing apparatus of claim 2, further
comprising a gas inlet for introducing a gas into the vacuum
chamber, said gas inlet being located such that no gas is
introduced directly 1nto the annular groove from outside the
vacuum chamber.

7. The plasma processing apparatus of claim 2, wherein 1

said vacuum chamber includes an upper wall, said annular

groove being located between said upper wall of said vacuum
chamber and said insulating ring.

8. The plasma processing method of claim 1, wherein an

entirety of the annular groove 1s spaced apart from the inner 15

surface of the sidewall of the vacuum chamber.

9. The plasma processing method of claim 1, wherein the
annular groove 1s located between a surface of an upper wall
of the vacuum chamber and the 1nsulating ring.

10. The plasma processing method of claim 9, wherein the
annular groove 1s located so that a shoulder portion of the
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upper wall 1s located between the outer-side face of the annu-
lar groove and the 1nner surface of the sidewall of the vacuum.

11. The plasma processing method of claim 1, wherein the
outer-side face of the annular groove 1s a surface different
from the 1nner surface of the sidewall of the vacuum chamber.

12. The plasma processing apparatus of claim 2, wherein
an entirety of said annular groove 1s spaced apart from said
inner surface of said sidewall of said vacuum chamber.

13. The plasma processing apparatus of claim 2, wherein
said annular groove 1s located between a surface of an upper
wall of said vacuum chamber and said msulating ring.

14. The plasma processing apparatus of claim 13, wherein
said annular groove 1s located so that a shoulder portion of
said upper wall 1s located between said outer-side face of said
annular groove and said inner surface of said sidewall of said
vacuum.

15. The plasma processing apparatus of claim 2, wherein
said outer-side face of said annular groove 1s a surface differ-
ent from said mner surface of said sidewall of said vacuum

20 chamber.
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